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With their high catalytic activity for redox reactions, transition metal ions (Cu2þ and Fe3þ)
were exchanged into the micropores of dealuminated Y zeolites to prepare effective
microporous mineral sorbents for sorption and microwave-induced degradation of atra-
zine. Due to its ability to complex with atrazine, loading of copper greatly increased the
sorption of atrazine. Atrazine sorption on iron-exchanged zeolites was also significantly
enhanced, which was attributed to the hydrolysis of Fe3þ polycations in mineral micro-
pores and electrostatic interactions of protonated atrazine molecules with the negatively
charged pore wall surface. Copper and iron species in the micropores also significantly
accelerated degradation of the sorbed atrazine (and its degradation intermediates) under
microwave irradiation. The catalytic effect was attributed to the easy reducibility and high
oxidation activity of Cu2þ and Fe3þ species stabilized in the micropores of the zeolites. It
was postulated that the surface species of transition metals (monomeric Cu2þ, Cu2þeOe
Cu2þ complexes, FeOþ, and dinuclear FeeOeFe-like species) in the mineral micropores
were thermally activated under microwave irradiation, and subsequently formed highly
reactive sites catalyzing oxidative degradation of atrazine. The transition metal-exchanged
zeolites, particularly the iron-exchanged ones, were relatively stable when leached under
acidic conditions, which suggests that they are reusable in sorption and microwave-
induced degradation. These findings offer valuable insights on designing of effective
mineral sorbents that can selectively uptake atrazine from aqueous solutions and catalyze
its degradation under microwave irradiation.
ª 2014 Elsevier Ltd. All rights reserved.75; fax: þ86 20 8529 0706.
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We have been working on the development of a novel treat-
ment technology that removes organic contaminants from
water using microporous mineral sorbents and then induces
the degradation of the contaminants sorbed in mineral mi-
cropores (<2 nm) with microwave irradiation (Hu et al., 2012;
Hu and Cheng, 2013a,b). One of the most effective and
affordable agricultural herbicides, atrazine, which was
frequently detected in surface water and groundwater at
concentrations up to the mg/L level in Europe and North
America (Giddings et al., 2005; Loos et al., 2010), was selected
as the target contaminant. Because conventional drinking
water treatment processes are ineffective at their removal,
there has been significant attention on the development of
viable technologies for removing atrazine and other pesticides
(Benner et al., 2013). Our study showed that atrazine could be
effectively sorbed on dealuminated Y zeolites due to the
combination of molecular-dimension pores and the relatively
hydrophobic pore wall surfaces (Hu et al., 2012; Hu and Cheng,
2013a). Furthermore, the framework of Y zeolites is trans-
parent to microwave, allowing the microwave energy to act
almost exclusively on the polar species in the micropores,
namely, sorbed atrazine, sorbed water, and cations (Hu et al.,
2012; Hu and Cheng, 2013a). Microwave radiation did not
directly cause degradation of the atrazine sorbed in mineral
micropores, as its energy (0.98 J/mol at 2.450 GHz) is far below
those of common chemical bonds in organic molecules
(hundreds of kJ/mol) (Vladimir and Stanislav, 2011). Instead,
atrazine molecules degraded via pyrolysis caused by the
micro-scale “hot spots” formed in the micropores due to the
interfacial selective heating of microwave (Conner and
Tompsett, 2008; Hu et al., 2012; Hu and Cheng, 2013a). The
rate of microwave-induced degradation has been observed to
be influenced by the type and density of surface cations, as
well as the amount of water present in themicropores (Hu and
Cheng, 2013a). Further optimization of the mineral sorbents
by incorporating catalytic species is expected to make this
process more cost-effective in the practical applications of
treating surface water contaminated by atrazine and other
nitrogen-containing herbicides.
The chemical properties of zeolites, including density of
acidic sites (determined by the framework Si/Al ratio), and the
type and amount of metal ions and metal oxides doped in
zeolite cages and channels are well known to affect their
catalytic performance (Lone et al., 1984; Lukyanov, 1992; Zaidi
and Pant, 2004, 2005). Zeolites modified with Cu2þ and Fe3þ
have high catalytic activity for a range of oxidation reactions,
such as oxidation of methane, propane, and benzene, and
oxydehydrogenation of ethane (Chang et al., 1995; Nowinska
et al., 2003; Ryder et al., 2003; Smeets et al., 2005). Transition
metals exchanged into the cages and channels of zeolites can
function as highly active sites for many catalytic reactions.
Depending on the conditions of ion exchange and the amount
of metal ions exchanged, the metals can be present in the
forms of isolated cations (Menþ) and/or metallic species, such
as (MeeOeMe)(2n2)þ oxocations and (MeO)(n2)þ cations,
where n is the metal valence (Urquieta-Gonzalez et al., 2002).
In addition, extra-framework metallic oxides may also bedeposited in crystalline and/or amorphous forms on the in-
ternal and external surfaces of the zeolites (Gervasini, 1999).
Although there is no general consensus on the nature of the
active sites or the mechanism for transition metals in redox
catalysis, their reversible reduction and re-oxidation is
believed to be key to the catalytic activity. On copper-
exchanged zeolites, the active site responsible for the high
catalytic activity has been attributed to the unique dimeric Cu
species (e.g., Cu2þeO2eCu2þ, CuþeO2eCu2þ, and
CuþCu2þeOe) stabilized by the zeolite framework (Campa
et al., 1994; Moretti, 1994; Moretti et al., 1999), while mono-
meric Cu2þ has also been proposed to be the catalytic center
(Larsen et al., 1994; Konduru and Chuang, 1999; Wichterlova
et al., 1995).
This studywas conducted to harness the catalytic property
of transition metals in redox reactions to develop effective
mineral sorbents for microwave-induced degradation of
atrazine. The results showed that the loading of transition
metals copper and iron greatly increased the atrazine sorption
capacity of dealuminated Y zeolites. Furthermore, compared
to the ions of alkali and alkaline-earth metals, the surface
species of transition metals exchanged into the mineral mi-
cropores accelerated the microwave-induced degradation of
the sorbed organic contaminants through serving as catalytic
sites, and thus allowing the microwave energy to be utilized
more efficiently. The active surface species of the transition
metals in the mineral micropores, i.e., monomeric Cu2þ,
Cu2þeOeCu2þ complexes, FeOþ, and dinuclear FeeOeFe-like
species, were identified with the aids of diffuse reflectance
infrared Fourier transform (DRIFT) and ultraviolet-visible
diffuse reflectance spectroscopy (UV-vis DRS) spectrad. The
mechanism of transition metal ions in microwave-induced
degradation in mineral micropores, which involves thermal
activation under microwave irradiation and generation of
highly reactive species with the reversible MenþeMe(n1)þ
change, was also proposed for the first time. The pathways
and kinetics of microwave-induced atrazine degradation
catalyzed by copper and iron species in mineral micropores
were also delineated, which can help establish the conditions
necessary for complete mineralization. The copper and iron
on the metal-exchanged zeolites were found to have good
stability under acidic conditions, indicating such zeolites,
particularly the iron-exchanged ones, could be reusable for
sorption and microwave-induced degradation. These transi-
tion metal-exchanged microporous mineral sorbents show
great promises in practical application of the microwave-
based contaminant removal and destruction technology.2. Materials and methods
2.1. Chemicals
Atrazine (98.4%), hydroxyatrazine (99.0%), deethylatrazine
(98.0%), N-ethyl-ammeline (99.5%), and ammeline (98.0%)
were purchased from Dr. Ehrenstorfer (Augsburg, Germany).
Deisopropylatrazine (98.0%) and N-isopyl-ammeline (95.0%)
were supplied by AccuStandard (New Haven, CT). HPLC grade
methanol was obtained from CNW Technologies (Dusseldorf,
Germany). Instrument calibration standards were prepared in
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triple-distilled lab water. Ultrapure grade (BV-III) nitric acid
and hydroflouric acid were obtained from Beijing Institute of
Chemical Reagent (Beijing, China). Solutions of Cu2þ, Fe3þ, and
Mn2þ were prepared by dissolution or dilution of analytical
grade CuCl2, Fe(NO3)3, and Mn(NO3)2 aqueous solution (50%)
thatwere supplied by Guangdong Chemical Reagent Company
(Guangzhou, China) in triple-distilled lab water, respectively.
2.2. Mineral sorbents and exchanging/loading of
transition metals
Two dealuminated Y zeolites (CBV-400 and CBV-720), an all-
silica molecular sieve (MCM-41), and a ground silica sand
(Min-U-Sil) were used as themodelmicroporous,mesoporous,
and nonporous mineral sorbents, respectively. CBV-400 and
CBV-720 were supplied by Zeolyst (Valley Forge, PA), MCM-41
was purchased from JCNANO Technology (Nanjing, China),
while Min-U-Sil was obtained from U.S. Silica (Berkeley
Springs, WV). Prior to use, the non-structural water of CBV-
400, CBV-720, and MCM-41 was removed by calcination at
380 C for 12 h, while Min-U-Sil was calcined at 200 C for 5 h.
Transition metals were exchanged onto the dealuminated
Y zeolites by equilibrating them with solutions of the
respective metal cations at room temperature followed by
thermal treatment to stabilize the cationic metallic species,
which is a common way of preparing metal-exchanged zeo-
lites (e.g., Groothaert et al., 2005; Jia et al., 2004; Larsen et al.,
1994; Li et al., 2008; Yahiro and Iwamoto, 2001). Specifically,
copper-exchanged zeolites were prepared by equilibrating 5 g
of dry zeolites with 100 mL of CuCl2 solution for 48 h under
constant stirring, followed by filtration to remove the solution.
The excess Cu2þ was removed by rinsing with 1000 mL of
triple-distilled lab water, then the exchange product was
calcined at 120 C for 12 h, and subsequently at 380 C for 12 h.
The exchange procedure was repeated twice to obtain the
final exchange product of Cu/CBV-720. Zeolites with two
different copper loadings were obtained by exchanging with
solutions of CuCl2 at concentrations of 0.1 and 1.0 mol/L,
respectively. Preliminary tests showed that the zeolites were
over-loaded with iron when exchanged with 1.0 mol/L
Fe(NO3)3 solution. To avoid potential pore blocking at exces-
sive iron loadings, iron-exchanged zeolites with two different
loadings were prepared by exchanging with solutions con-
taining 0.01 and 0.1 mol/L Fe(NO3)3, respectively. A
manganese-exchanged CBV-400 was also prepared by
exchanging the zeolite with a 1.0mol/LMn(NO3)2 solution. Cu/
MCM-41 and Fe/MCM-41 were prepared by exchanging the
mesoporous silica with solutions of CuCl2 (1.0 mol/L) and
Fe(NO3)3 (0.1 mol/L), respectively. Preliminary tests also
showed thatmetal ions could not be exchanged onto the silica
sand (Min-U-Sil). Consequently, copper and iron were loaded
by adding 1 mL solutions of CuCl2 and Fe(NO3)3 (both at
0.1 mol/L) to 2 g of Min-U-Sil, respectively. After being fully
mixed and equilibrated, the slurry was calcined at 120 C for
12 h, and then at 380 C for 12 h. To evaluate the stability of the
transition metal-exchanged Y zeolites, the toxicity charac-
teristic leaching procedure (TCLP) test was carried out to
evaluate the leaching of the exchanged metals, following the
standard protocol (USEPA, 1992). Cu/CBV-720 and Fe/CBV-720were extracted with 0.10 M acetic acid (pH¼ 2.9) at a leachant/
solid mass ratio of 20 in sealed polypropylene bottles under
vigorous agitation for 18 h. The leachant was then separated
from the solid by filtration, and subsequently analyzed for
soluble copper and iron by inductively coupled plasma-mass
spectrometry (ICP-MS), respectively. The extraction was per-
formed on triplicate samples for each transition metal-
exchanged Y zeolite.
2.3. Characterization of the mineral sorbents
Themajor physical properties, including specific surface area,
pore size and volume, and dielectric properties of the mineral
sorbents and those after being exchanged/loaded with metal
cations were characterized. The transition metal contents of
the exchanged zeolites were determined by ICP-MS after total
digestion by HNO3/HF. More details on the characterization
techniques used can be found in the Supplementary Data.
DRIFT and UVevis DRS spectra of the zeolites before and
after being exchanged with Cu2þ and Fe3þ were collected to
obtain information on chemical structures and sites of copper
and iron in themicropores. DRIFT spectra of the samples were
collected on a Vertex-70 Fourier transform infrared spec-
trometer (Bruker, Billerica, MA) equipped with a Smart diffuse
refiectance accessory and an MCT detector. All spectra were
recorded at room temperature in the absorbance mode at
2 cm1 resolution over the range of 600e4000 cm1, and were
the averages of 256 scans of the samples subtracted by those
of 64 background scans of dried and ground spectroscopic
grade KBr in the sample container. UVevis DRS spectra of the
samples were collected on a Lambda 750 UV/Vis spectrometer
(Perkin Elmer, Waltham, MA) equipped with a 60 mm inte-
grating sphere. All spectra were recorded between 800 and
200 nm at a scan rate of 275 nm/min for w20 mg of powder
samples.
2.4. Sorption and microwave-induced degradation of
atrazine
Atrazine sorption experiment was conducted with the min-
eral sorbents using the batch equilibriummethod. In brief, the
dry sorbents (w50 mg) were equilibrated with 50 mL solutions
of atrazine at varying concentrations at 25 C for 24 h. The
aqueous solution samples were stored at 4 C in the dark and
analyzed within 2 days. The masses of atrazine sorbed were
calculated based on the mass balance of the solution phase.
Atrazine-enriched mineral sorbents were prepared to
study microwave-induced degradation of atrazine sorbed on
them. Y zeolites and MCM-41 (1.6 g each) were equilibrated
with 100 mL solutions of atrazine at 97.7 and 24.4 mmol/L,
respectively, followed by filtration and freeze-drying. Atrazine
was loaded onto Min-U-Sil by adding 100 mL of 162.9 mmol/L
atrazine solution to 0.2 g of dry sorbent in 100mL PTFE vessels
and equilibrating the slurry in the sealed vessels at 25 C for
12 h. The mineral sorbents enriched with atrazine were irra-
diated by microwave at 700 W, followed by microwave-
assisted extraction with methanol. The extract samples
were stored at 4 C in the dark and analyzed within 2 weeks.
More details on the microwave-induced degradation treat-
ment and extraction of atrazine and its degradation
Table 1 e Summary of themajor physical properties of themineral sorbents before and after being exchanged/loadedwith
Cu2D and Fe3D.
Material Me/Al ratio Metal loading Specific surface area (m2/g) Median pore size (nm) Pore volume (cm3/g)
CBV-720 e e 848 1.04 0.34 (micropores)
Cu/CBV-720 0.19 0.21 Cu/u.c.* 831 1.05 0.33 (micropores)
Cu/CBV-720 0.36 0.41 Cu/u.c.* 808 1.05 0.32 (micropores)
Fe/CBV-720 0.52 0.59 Fe/u.c.* 864 1.00 0.37 (micropores)
Fe/CBV-720 0.63 0.71 Fe/u.c.* 791 1.02 0.32 (micropores)
MCM-41 e e 604 3.37 0.61 (mesopores)
Cu/MCM-41 e 0.0016 g/g 665 3.40 0.38 (mesopores)
Fe/MCM-41 e 0.0064 g/g 635 2.44 0.41 (mesopores)
Min-U-Sil e e 2.10 e 0.0055 (total)
Cu/Min-U-Sil e 0.0064 g/g 2.09 e 0.0050 (total)
Fe/Min-U-Sil e 0.0056 g/g 4.50 e 0.0092 (total)
* e Metal loading of Y zeolite is expressed as per unit cell (u.c.).
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2012; Hu and Cheng, 2013a,b).
2.5. Analysis of atrazine and its degradation
intermediates
Atrazine and its degradation intermediates in the aqueous
solution and the methanol extract were analyzed with a TSQ
Vantage ultrahigh performance liquid chromatograph-triple
quadrupole tandem mass spectrometer (Thermo, Beverly,
MA). Analytical identification and quantification were per-
formed using selected reaction monitoring and electrospray
ionization in positivemode, and calibrated bymixed standard
solutions, using themethod developed in a previous study (Hu
and Cheng, 2013b). Due to the complex reactions involved in
microwave-induced degradation (Hu et al., 2012), atrazine
degradation was modeled with pseudo-zero order kinetics,
which fits the data reasonably well.Fig. 1 e Sorption isotherms of atrazine on transition metal-
exchanged CBV-720 at 25 C: (a) atrazine sorption on CBV-
720 and Cu/CBV-720 with Cu/Al [ 0.19 and 0.36; and (b)
atrazine sorption on CBV-720 and Fe/CBV-720 with Fe/
Al [ 0.52 and 0.63.3. Results and discussion
3.1. Sites of transition metals in zeolite micropores
The major physical properties of the mineral sorbents were
characterized before and after being exchanged/loaded with
metal cations to examine whether they were altered by the
modifications. Results shown in Table 1 and Figure S1 clearly
indicate that the specific surface areas, pore sizes and vol-
umes of the mineral sorbents were not significantly changed
by exchanging/loading of transition metals.
The DRIFT (in the lattice vibrational and hydroxyl regions)
and UVevis DRS spectra of CBV-720 before and after being
exchanged with Cu2þ and Fe3þ at different loadings shown in
Figures S2aeS2c provide important insights on the coordina-
tion and surface structure of copper and iron exchanged into
the cages and channels of the Y zeolites. Together, they
indicate that Cu2þ was mainly exchanged onto the cationic
sites, existing in the form of isolated Cu2þ ions strongly co-
ordinated to the framework oxygen atoms of the Y zeolite.
Besides the ionic forms, [CueOeCu]2þ-like species (at higher
copper loadings) and small copper oxide aggregates were thelikely forms of copper present on copper-exchanged zeolites
(Smeets et al., 2005; Xamena et al., 2003). In contrast, Fe3þ was
present as isolated terminal FeOþ species close to framework
Al, isolated framework Fe3þ ions, and dinuclear FeeOeFe type
complexes in the micropores of iron-exchanged Y zeolites.
Fig. 2 e Degradation of atrazine sorbed onmicroporous
mineral sorbents before and after being exchanged with
Cu2D and Fe3D under microwave irradiation at 700W: (a)
degradation of atrazine sorbed on CBV-720 and Cu/CBV-720
withCu/Al[0.19and0.36; (b)degradationofatrazinesorbed
on CBV-720 and Fe/CBV-720 with Fe/Al[ 0.52 and 0.63.
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Fig. 1a and b shows the sorption isotherms of atrazine on HY
zeolite CBV-720, Cu/CBV-720, and Fe/CBV-720. Sorption of
atrazine on all the solids followed the Freundlich-type
isotherm, while the presence of copper and iron enhanced
its sorption on the zeolites, particularly in the low aqueous
concentration range. With a pKa1 of 1.60 and a pKa2 of 1.95
(Colombini et al., 1998), atrazine adsorbs on mineral surfaces
as neutral species at circumneutral pH. Displacement of the
loosely bound water from the hydrophobic micropore space
was believed to be the major mechanism of atrazine sorption
onmicroporousminerals (Cheng and Reinhard, 2007; Hu et al.,
2012; Hu and Cheng, 2013a). Due to the presence of heteroat-
om (N) with free electron pairs and aromatic ring with delo-
calized p electrons, atrazine molecules have relatively strong
interactions with transition metals, such as copper, and form
the corresponding complexes (Decock et al., 1985; Grabec
et al., 1994). As a result, atrazine could adsorb more strongly
on Cu/CBV-720 than on CBV-720. In the case of atrazine
sorption on Fe/CBV-720, protonated atrazine molecules were
believed to be heavily involved. Intercalation with highly hy-
drolyzable polyhydroxy cations, Fe3þ and Al3þ, has been
shown to significantly enhance atrazine adsorption on clay
minerals, which was attributed to the electrostatic in-
teractions of the protonated atrazine molecules in the inter-
layer and on the negatively charged sites of the clay surface
(Abate and Masini, 2005, 2007). It has also been reported that
atrazine adsorption on iron-exchanged montmorillonite was
significantly higher compared to those exchanged with other
cations (Naþ, Ca2þ, Ni2þ, and Cu2þ) due to the dominance of
protonated atrazine that adsorbed through an ion exchange
mechanism (Herwig et al., 2001). Because of the high hydro-
lysis constant of Fe3þ (102.19), hydrolysis of the Fe3þ poly-
cations in the micropores of zeolites significantly increased
the local acidity, which could not be reflected by the pH of the
bulk suspension. Consequently, atrazine molecules in the
micropores of Fe/CBV-720 could be easily protonated and thus
adsorbed through electrostatic interactions with the nega-
tively charged pore wall surface.
3.3. Catalytic effect of transition metals on microwave-
induced degradation
Table S1 compares the degradation rates of atrazine sorbed on
dealuminated Y zeolites with different types of cations in the
micropores. Our previous work showed that the type of cation
affected atrazine degradation rate, which was probably
related to their hydration free energy (Hu and Cheng, 2013a).
The water molecules strongly coordinated to the cations
competed with atrazine molecules for absorbing microwave
energy, and thus lowered the overall atrazine degradation
rate. Consequently, the presence of divalent cations (Ca2þ and
Mg2þ) in the micropores significantly decreased the degrada-
tion rate of sorbed atrazine (Hu and Cheng, 2013a). A similar
trend would be expected for the transition metal cations
(Cu2þ, Fe3þ, and Mn(III/IV)) when considering the competition
from water molecules coordinated on their hydration shells
alone. However, experimental results showed that the
microwave-induced degradation of atrazine sorbed in thezeolite micropores was significantly accelerated after the ex-
change of Cu2þ, Fe3þ, and Mn(III/IV). These results clearly
demonstrate the catalytic effect of transition metals on
microwave-induced degradation. Despite the good perfor-
mance of Mn/CBV-400, our tests showed that its catalytic ac-
tivity varied significantly from batch to batch, probably
because of the multiple oxidation states of Mn atoms in the
exchanged products. As a result, further study was only con-
ducted to investigate the catalytic effect of Cu2þ and Fe3þ.
Fig. 2a and b shows the microwave-induced degradation of
atrazine sorbed on copper- and iron-exchanged CBV-720. As
expected, the degradation rate increased drastically after
copper and ironwere exchanged into themicropores of theHY
zeolite, and the degradation rate was also higher on the zeo-
lites with greater copper and iron loadings. Despite their
relatively lower metal loadings, atrazine degradation was
faster on the copper-exchanged zeolites compared to the iron-
exchanged ones, suggesting copper probably has greater cat-
alytic effect than iron on microwave-induced degradation of
the sorbed atrazine. Table S2 shows that the relative dielectric
constants (ε0) of the copper- and iron-exchangeddealuminated
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zeolite cages and channels have poor mobility (Blanco and
Auerbach, 2003). The tand values of the copper- and iron-
exchanged dealuminated Y zeolites are all less than 0.05,
indicating they can barely extract energy from the microwave
field (Meredith, 1998). Overall, the dielectric properties of the
copper- and iron-exchanged dealuminated Y zeolites indicate
that they do not undergo significant microwave heating and
thus allow the microwave energy to act efficiently on the sor-
bate species (i.e., sorbed atrazine andwater). This is confirmed
by the experimental observations that the bulk temperature of
the zeolites loaded with atrazine (and water) rose slowly dur-
ing microwave irradiation (at 700 W) and never went above
128 C within 10 min of treatment.
Fig. 3a shows the degradation of atrazine sorbed on Min-U-
Sil, Cu/Min-U-Sil, and Fe/Min-U-Sil under microwave irradia-
tion at 700 W. Loading of copper and iron (primarily in the
forms of surface oxides and salts after calcination) on the
nonporous silica sand led to only slight increases in the rate of
atrazine degradation. These results indicated that atrazine
associated with the external surface of Min-U-Sil degradedFig. 3 e Degradation of atrazine sorbed on nonporous and
mesoporous mineral sorbents before and after being
exchanged/loaded with Cu2D and Fe3D under microwave
irradiation at 700 W: (a) degradation of atrazine sorbed on
Min-U-Sil, Cu/Min-U-Sil, and Fe/Min-U-Sil; and (b)
degradation of atrazine sorbed on MCM-41, Cu/MCM-41,
and Fe/MCM-41.only slowly under microwave irradiation, and that bulk metal
oxides and surface salts had little catalytic activity on
microwave-induced degradation of atrazine.
Fig. 3b shows the degradation of atrazine sorbed on MCM-
41, Cu/MCM-41, and Fe/MCM-41 under microwave irradiation
at 700 W. Degradation of atrazine proceeded faster on the
mesoporous MCM-41 compared to on the nonporous Min-U-
Sil, while the presence of copper and iron only enhanced the
degradation rate slightly. The exchanged copper could only be
present in the forms of surface copper oxide clusters and
nanosized CuO on MCM-41. In contrast, Fe3þ often existed as
isolated tetrahedral iron, surface iron oxide clusters, as well as
nanosized iron oxide in mesoporous materials, while isolated
iron species at extraframework positions, which are the most
active sites in catalysis because of their redox characters,
could hardly be obtained (Li et al., 2006). It has been shown
previously thatmost of the iron on Fe/MCM-41 was embedded
in the silicate framework, bonding to one, two, or three
framework silicon atoms via oxygen bridges (Stockenhuber
et al., 2001). Because copper and iron existed predominately
as discrete metal oxide phases with little catalytic activity on
the aluminum-free mesoporous silica (MCM-41), atrazine
degradation could be barely affected.3.4. The role of transition metals as catalytic centers in
microwave-induced degradation
The active sites in the zeolites exchanged with transition
metals are generally attributed to the redox-active cationic
species stabilized within the zeolite cages and channels
(Konduru and Chuang, 1999). These transition metals have
high oxidation activity and are easily reducible, thus function
as catalytic centers for oxidative degradation of atrazine (and
its degradation intermediates) in the micropores under mi-
crowave irradiation. Typically, active sites of Cu-zeolite cata-
lysts consist of both monomeric Cu2þ species (953 cm1,
Figure S2a) and a bent[CueOeCu]2þ core (916 cm1, Figure S2a)
(Smeets et al., 2010; Sun et al., 2008). CuO-like species, which
are most abundant in zeolites with high copper loadings and
in zeolites with low content of framework aluminum, are
easily reducible and exhibit high oxidation activity (Bulanek
et al., 2001). It has been proposed that electrons can be
transferred from oxygen to metal cations in the terminal
(MeO)(n2)þ species at sufficiently high temperatures, leading
to the formation of O radical anions through thermal acti-
vation of the charge transfer (Panov et al., 1998):
(1)
The O radical anions are stable at relatively high tem-
peratures and can catalyze many oxidation reactions with
high reactivity (Konduru and Chuang, 1999; Panov et al., 1998).
It has also been proposed that the bridging oxygen partici-
pates in the oxidation rather than the terminal one. Many
studies demonstrated that oxo-complexes, including
[CueOeCu]2þ and [HOeFeeOeFeeOH]2þ, could release their
bridging oxygen rather easily at high temperatures, leading to
Fig. 4 e Evolution of the major degradation intermediates
of atrazine sorbed on CBV-720 before and after being
exchanged with Cu2D and Fe3D under microwave
irradiation at 700 W: (a) degradation of atrazine sorbed on
CBV-720; (b) degradation of atrazine sorbed on Cu/CBV-720
with Cu/Al [ 0.36; and (c) degradation of atrazine sorbed
Fe/CBV-720 with Fe/Al[ 0.63. The inserts show magnified
views for the minor degradation intermediates. Evolution
of the major degradation intermediates of atrazine sorbed
on copper and iron-exchanged CBV-720 with lower metal
loadings can be found in Figure S3.
wat e r r e s e a r c h 5 7 ( 2 0 1 4 ) 8e1 914formation of dinuclear Cuþ and Fe2þ complexes (Chen et al.,
2000; Groothaert et al., 2005; Smeets et al., 2005;
Voskoboinikov et al., 1998; Xia et al., 2010):
Cu2þ O2  Cu2þ#Cu2þ O$  Cuþ#Cuþ/Cuþ þ 1=2O2 (2)

HOFe3þO2Fe3þOH2þ#HOFe2þ/O2Fe3þOH2þ
#

HOFe2þ,Fe2þOH2þþ1=2O2
(3)
where the symbol “,” stands for a vacancy of extralattice
oxygen.After absorbing themicrowave energy irradiatedupon
them, the metal cations and the water molecules coordinated
on them were heated up. The progressive thermal activation
caused first the loss of water molecules from the Cu2þ coor-
dination sphere, accompanied by a partial aggregation in
Cu2þeOeCu2þ complexes, and then the Cu2þeCuþ reduction
with oxygen elimination. There are two potentialmechanisms
for the formation of the reactive sites. The first mechanism
involves the reduction of adjacent Cu2þ ions and subsequent
formation of CuþeCuþ centers (Deka et al., 2013; Smeets et al.,
2005; Voskoboinikov et al., 1998; Xamena et al., 2003):
2½CuðOHÞþ/Cu2þ O2  Cu2þ þH2O (4)
Cu2þ O2  Cu2þ/Cuþ , Cuþ þ 1=2O2 (5)
The second mechanism involves water elimination and
formation of hydroxyl radicals (OH) and O radical anions
(Larsen et al., 1994). A fraction of Cu2þ ions are reduced during
this process, while the rest remains as Cu2þ, in the form of
Cu2þO pairs (Xamena et al., 2003).
Cu2þOH/Cuþ þ $OH (6)
Cu2þOH þ $OH/Cu2þO þH2O (7)
Both the O radical anions and hydroxyl radicals could
react with atrazine (and its degradation intermediates), dras-
tically increasing the degradation rate of the atrazine sorbed
in the micropores of copper-exchanged Y zeolites.
In general, the catalytic mechanism of iron-exchanged
zeolites was similar to that of copper-exchanged ones, and
was related to the reversible Fe3þeFe2þ change taking place on
the dinuclear and polynuclear FeeOeFe-like species
(881 cm1, Figure S2b) and the Fe-containing centers of FeOþ
(964 cm1, Figure S2b) (Bulanek et al., 2004; Chen et al., 2000;
Dubkov et al., 2002; Lazar et al., 1999; Voskoboinikov et al.,
1998; Xia et al., 2010). It should be noted that the reactivity
of oxygen coordinated to the FeOþ centers was so high that it
could insert into the non-activated CeH bonds of hydrocar-
bons under ambient conditions, leading to selective formation
of the hydroxylated products (Panov et al., 1998). Therefore, an
additional reaction pathway of oxygen-insertion could exist
on the iron-exchanged zeolites compared to the copper-
exchanged ones (Jia et al., 2004; Wood et al., 2004):
(8)
Fig. 5 e Major pathways of atrazine degradation catalyzed by copper and iron species in mineral micropores under
microwave irradiation: (a) hydroxylation catalyzed by Cu2D cations coordinated with framework oxygen atoms in
aluminum tetrahedra; (b) N-dealkylation catalyzed by Cu2D cations coordinated with framework oxygens in aluminum
tetrahedra; and (c) N-dealkylation catalyzed by dinuclear FeeOeFe type complexes.
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Fig. 6 e Leaching of copper and iron from copper- and iron-
exchanged Y zeolites in TCLP test.
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degradation pathways
Degradation of atrazine sorbed on the transition metal-
exchanged Y zeolites under microwave irradiation was
further studied by tracking the formation and destruction of
the six degradation intermediates with molecular weights
above 100 Da: hydroxyatrazine, deethylatrazine, deisopropy-
latrazine, N-isopropyl-ammeline, N-ethyl-ammeline, and
ammeline. The most abundant degradation product on CBV-
720 (Fig. 4a) was hydroxyatrazine, followed by deethyla-
trazine, deisopropylatrazine, and N-ethyl-ammeline. Amme-
line began to accumulate after 4min ofmicrowave irradiation,
while there was no significant formation of N-isopropyl-
ammeline. About half of the atrazine sorbed on CBV-720
degraded within 10 min of microwave irradiation due to the
extremely high mass loading of atrazine (3750.7 nmol/g). The
obvious accumulation of the degradation intermediate,
hydroxyatrazine, in the present study was attributed to the
large amount of atrazine present in the micropores and the
relatively inefficient utilization of the microwave energy.
Because of the catalytic effect of transition metals, near
complete destruction of the sorbed atrazine was observed
within 10 min of microwave irradiation on Cu/CBV-720 and
Fe/CBV-720, and the yields of degradation intermediates were
also much higher than those on CBV-720 (Fig. 4b and c). For-
mation of two main degradation intermediates, hydroxya-
trazine and deisopropylatrazine, was observed on Cu/CBV-
720, which indicated that copper catalyzed not only
dechlorination-hydroxylation, but also deisopropylation, as
illustrated in Fig. 5a and b. This could be explained by the
relatively strong coordination of the isopropyl nitrogen of
atrazine to the surface copper sites. It has been demonstrated
that the metal ions were always located in close proximity to
the isopropyl nitrogen and a triazine ring nitrogen in metal-
atrazine complexes with the exception of Ca(atrazine)2þ and
Pb(atrazine)(H2O)
2þ, where the N-ethyl side chain would be
involved (Meng and Carper, 2000). The degradation interme-
diate evolution on Fe/CBV-720 was similar to that on CBV-720,
but with much more significant accumulation of hydroxya-
trazine during the course of microwave irradiation. The se-
lective formation of hydroxylated degradation product is
consistent with the oxygen-insertion reaction pathway
(Fig. 5c) catalyzed by iron-exchanged zeolites (Jia et al., 2004;
Wood et al., 2004). The formation of the deethylated prod-
ucts was more significant than the deisopropylated products
on Fe/CBV-720, probably because of weaker coordination of
the isopropyl nitrogen to iron compared to copper.
3.6. Stability of transition metal-exchanged zeolites and
potential practical applications
The TCLP test, which simulates the leaching conditions of
municipal landfills, was designed for classifying waste mate-
rial for disposal options, while it was used to evaluate the
leachability of metals on the transition metal-exchanged ze-
olites in this study. The leaching conditions in the presence of
a moderate organic acid, acetic acid, were much more
aggressive than water only, thus the TCLP test could indicate
the stability of the transition metal-exchanged zeolite aftermany cycles of use. Fig. 6 shows the leaching of copper and
iron from Cu/CBV-720 and Fe/CBV-720 in the TCLP test.
Around 14% of the copper in the copper-exchanged zeolites
was leached out, while the leachable iron accounted for only
about 0.2% of the total iron loaded onto the iron-exchanged
zeolites, which indicates that iron has much greater stability
in the zeolite than copper. This is consistent with the results
of DRIFT and UVevis DRS spectra, which reveal that Cu2þ was
primarily present as isolated Cu2þ ions in CBV-720, while Fe3þ
entered the tetrahedral framework of the zeolite by
substituting the framework Al and formed a variety of com-
plexes in the extra-framework positions (Supplementary
Data). Because isolated Cu2þ ions were much more available
for leaching compared to the framework Fe3þ and the extra-
framework iron complexes, significant leaching of Cu2þ
occurred in the TCLP test, and the fractions of Cu2þ leached
were comparable for the copper-exchanged zeolites with low
and high copper loadings. It should be noted that acetic acid
solution at pH 2.9 was used as the leachant in the TCLP test.
The actual leaching of copper and iron from Cu/CBV-720 and
Fe/CBV-720when equilibrated with water solution is expected
to be negligible during each use cycle.
DRIFT spectra were also collected on Cu/CBV-720 and Fe/
CBV-720 after degradation of the sorbed atrazine under mi-
crowave irradiation (not shown), and no appreciable change
for the sorption bands in the lattice vibrational region was
observed. These results suggest the structures of the tran-
sition metal-exchanged zeolites were not damaged by mi-
crowave irradiation. This is as expected because the
frameworks of these zeolites are essentially microwave-
transparent and are thus subjected to minimum micro-
wave heating under irradiation. This, together with the fact
that 14% of copper could be leached out from Cu/CBV-720
while only 0.2% of iron was leached from Fe/CBV-720
under the aggressive TCLP conditions, suggests that these
transition metal-exchanged zeolites are reusable in
microwave-induced degradation with no significant loss in
the catalytic performance. Both copper- and iron-exchanged
Y zeolites have high sorption capacities towards atrazine,
and the copper-exchanged zeolites have greater catalytic
effect on microwave-induced degradation of the sorbed
wa t e r r e s e a r c h 5 7 ( 2 0 1 4 ) 8e1 9 17atrazine while the iron-exchanged ones have greater sta-
bility. The reusability of such transition metal-exchanged Y
zeolites for microwave-induced degradation will be sys-
tematically evaluated in our follow-up study.
The findings of this study can guide the design and devel-
opment of novel catalytic sorbents for microwave-induced
degradation. Transition metal ions (e.g., Cu2þ and Fe3þ) can
be exchanged into the micropores of dealuminated zeolites to
enhance the sorption affinity towards atrazine, while their
catalytic effect can greatly improve the efficiency of
microwave-induced degradation. Such sorbents are able to
selectively adsorb atrazine and catalytically degrade the sor-
bed atrazine under microwave irradiation, and show great
potential in practical applications. They are essentially
microwave-transparent, allowing microwave energy to act
efficiently on the sorbed atrazine (along with cations and
water molecules) in the mineral micropores, while the cata-
lytic effect of the transition metals greatly enhance the
degradation rate. In contrast to activated carbon adsorption,
atrazine is eventually mineralized in the treatment of micro-
porous mineral adsorption followed by microwave-induced
degradation. In advanced oxidation processes (both photo-
chemical and non-photochemical oxidation) for removing
atrazine, energy and/or chemicals are applied directly to the
vast volumes of aqueous solutions (Lieu et al., 2000 Parra et al.,
2004). In contrast, the microwave-induced degradation har-
nessing the catalytic effect of transition metals offers the
advantage of significant savings in energy and chemicals as
only the microwave-transparent mineral sorbents enriched
with the atrazine are irradiated by themicrowave. In addition,
atrazine is often oxidized to stable degradation intermediates
in advanced oxidation (Lieu et al., 2000 Parra et al., 2004), while
it can be quickly and fully mineralized to water and carbon
dioxide under continuous microwave irradiation (Hu et al.,
2012; Hu and Cheng, 2013a).4. Conclusions
Transition metal ions, Cu2þ and Fe3þ, were exchanged/loaded
onto dealuminated Y zeolites, and model mesoporous and
nonporous minerals, without causing major changes in their
physical and dielectric properties. The exchange of Cu2þ and
Fe3þ into the micropres of Y zeolites greatly increased the
sorption of atrazine, which were attributed to the ability of
copper species to complexwith atrazine, and the hydrolysis of
Fe3þ species in mineral micropores and subsequent adsorp-
tion of protonated atrazine molecules on the negatively
charged pore wall surface, respectively. The loading of tran-
sition metals on the nonporous and mesoporous mineral
sorbents had little impact on the degradation of sorbed atra-
zine under microwave irradiation, suggesting that discrete
metal oxide phases had essentially no catalytic activity. In
contrast, the introduction of transition metal ions, Cu2þ and
Fe3þ, into the micropores of Y zeolites drastically increased
the degradation rates of the sorbed atrazine and its degrada-
tion intermediates under microwave irradiation. The catalytic
activity of transition metal ions was attributed to the fact that
they can be reversibly reduced and re-oxidized. The surface
species of transition metals (monomeric Cu2þ, Cu2þeOeCu2þcomplexes, FeOþ, and dinuclear FeeOeFe-like species) in the
mineral micropores were thermally activated under micro-
wave irradiation, and subsequently form highly reactive sites
catalyzing degradation of atrazine and its degradation in-
termediates. Results of TCLP test indicate that the iron
exchanged onto the zeolite has much greater stability than
copper. Together, the results of this study show that copper-
and iron-exchanged dealuminated Y zeolites have great
promise in practical applications because of their high atra-
zine sorption capacities, catalytic effect on microwave-
induced degradation, and good stability. Taking advantage of
these properties of transition-metal exchanged zeolites can
greatly improve the performance of a treatment system that
adsorbs atrazine selectively from aqueous solutions, then
mineralizes the sorbed atrazine using microwave irradiation.
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